The opioid analgesic oxycodone is widely abused and increasingly associated with overdose deaths. A sensitive analytical method was developed for oxycodone and its metabolites, noroxycodone and oxymorphone, in human plasma, urine (+ + + + +enzymatic hydrolysis at 508 8 8 8 8C for 16 h) and liver microsomes (HLMs). Liquid -liquid extraction was followed by high-performance liquid chromatography -electrospray ionization-tandem mass spectrometry. The calibration range was 0.2 -250 ng/mL for plasma and HLM and 10-5000 ng/mL for urine. Intra-and interrun accuracies were within 13.3% of target; precisions were within 12.8% for all matrices. Recoveries from plasma were: oxycodone, 75.6%; noroxycodone, 37.4% and oxymorphone, 18.2%. Analytes exhibited room temperature stability in plasma and urine up to 24 h, and freeze -thaw stability in plasma up to three cycles. In 24-h hydrolyzed urine from subjects administered intranasal oxycodone (30 mg/70 kg, n 5 5), mean concentrations (ng/mL) and % daily doses excreted were: oxycodone, 1150, 6.53%; noroxycodone, 1330, 7.81% and oxymorphone, 3000, 17.1%. Oxycodone incubated with HLM produced more noroxycodone than oxymorphone. With a panel of recombinant human cytochrome P450s (CYPs), CYP2C18 and CYP3A4 produced the most noroxycodone, whereas CYP2D6 produced the most oxymorphone. These results demonstrate a new method suitable for both in vivo and in vitro metabolism and pharmacokinetic studies of oxycodone.
Introduction
Oxycodone ( Figure 1 ) is a semisynthetic opioid analgesic derived from the opiate alkaloid thebaine (1) . The clinical use of oxycodone dates back to the early 20th century. Widespread use in the USA, however, followed the introduction of oral immediate-release preparations and the controlled-release preparation, OxyContinw (1) . After approval by the US Food and Drug Administration of OxyContinw for controlled-release pain relief in 1995, sales grew rapidly; by 2001, it became the most prescribed narcotic medication for treating moderate-to-severe pain in the USA (2, 3) . In the meantime, widespread abuse and diversion of OxyContinw and other opioids grew substantially across the country (4) (5) (6) . This prescription opioid epidemic has been linked to increased morbidity and mortality arising from abuse, misuse and dependence of opioids, including oxycodone (5) (6) (7) (8) (9) .
Oxycodone is N-demethylated to noroxycodone and O-demethylated to oxymorphone (see Figure 1 for structures). Further metabolism involves combined oxidations to noroxymorphone, reduction in the keto group to a 6-hydroxyl, and N-oxidation and glucuronidation of the 3-and 6-hydroxyl groups (10) (11) (12) (13) . Products of the keto reduction and N-oxidation pathways have only been detected in urine samples from humans taking large doses. Limited information is available on the specific enzyme mediators of these reactions. A single study has shown that the N-demethylation to noroxycodone is carried out by cytochrome P450 (CYP) 3A4 (14) ; the same and an earlier study showed that CYP2D6 catalyzes the O-demethylation to oxymorphone (14, 15) . A single study has shown that oxymorphone is glucuronidated by UDP-glucuronosyltransferase 2B7 (16) . Oxymorphone and noroxymorphone share mu-opioid receptor activity with oxycodone, while noroxycodone does not. However, it is valuable to measure noroxycodone, because it is an index of CYP3A4 clearance. Noroxymorphone penetrates the blood -brain barrier poorly, and thus, oxycodone and oxymorphone are the active moieties (17, 18) .
To help physicians, forensic scientists and other health-care providers better understand the clinical use and misuse of oxycodone, further studies on the pharmacokinetics and metabolism of the drug are needed. A sensitive and reliable method to measure oxycodone and its metabolites quantitatively in biological samples is needed to facilitate these studies.
There are several published methods for the determination of oxycodone and one or more of its metabolites in human biological fluids. Gas chromatography with mass spectrometry (MS) detection is the choice for most urine testing (19 -21) . Other methods include capillary electrophoresis-ion-trap multiplestage MS (12) , and high-performance liquid chromatography (HPLC) with ultraviolet or electrochemical detectors (22 -25) . HPLC with tandem MS (HPLC -MS-MS) has more recently been applied to measurements in plasma (26) (27) (28) , urine (29, 30) and those plus other matrices (31) , where it is usually a component of an opioid test panel. The reported lower limit of quantitation (LLOQ) for each of these methods varies across different matrices and metabolites. Our aim was to develop a simple, quick HPLC-MS-MS method suitable for multiple matrices that could detect oxycodone and its major metabolites, noroxycodone and oxymorphone. This novel method using electrospray ionization (ESI) as a source is described here. It was fully validated in human plasma with matrix cross-validation to human urine and human liver microsomes (HLMs). The application of this method for in vivo and in vitro metabolism studies of oxycodone to noroxycodone and oxymorphone in humans is also presented.
Experimental method

Materials
Oxycodone, noroxycodone, oxymorphone and their deuterated internal standards were purchased from Cerilliant Corporation (Round Rock, TX, USA). Concentrated formic acid (88%), glacial acetic acid and ammonium hydroxide were purchased from Fisher Scientific (Fair Lawn, NJ, USA). b-Glucuronidase (from Helix pomatia) and sodium acetate trihydrate were purchased from Sigma-Aldrich (St. Louis, MO, USA). Solvents were obtained from different sources, but all were, at a minimum, HPLC grade. Water used in the preparation of reagents, extraction and LC mobile phase was drawn from a Milli-Q filter apparatus (Millipore Corp., Billerica, MA, USA). Outdated human plasma was from the University of Utah blood bank. Silanized tubes were prepared by vapor-phase silanization using hexamethyldisilazane (Pierce, Rockford, IL, USA) in an oven under vacuum at 2508C for 2 h.
Extraction
Hydrolysis was performed on urine samples before extraction in order to obtain total (conjugated and nonconjugated) concentrations. Urine (200 mL) was incubated with 200 mL of 0.1 M sodium acetate buffer (with 5000 units/mL b-glucuronidase, pH 5) at 508C for 16 h. Aliquots of 1.0 mL (for plasma and HLM) or 200 mL (for urine) of quality control (QC) samples, calibration standards and study samples were added to silanized tubes. Internal standard (50 mL of 0.1 ng/mL oxycodone-d 6 / noroxycodone-d 3 /oxymorphone-d 3 ) was also added to each tube followed by 100 mL of concentrated ammonium hydroxide.
All tubes were vortexed briefly, and 4 mL of 4:1 n-butyl chloride:acetonitrile was added. Tubes were then capped tightly and placed on a reciprocating tube rocker at low speed for 30 min. They were then centrifuged at 2600 rpm (830 g) for 10 min, and the organic layer was carefully transferred into 13 Â 100 mm silanized culture tubes. The organic solvent was evaporated off under 10 psi air at 408C in a Zymark Turbo Vap evaporator. The residues were reconstituted in 75 mL of 0.1% formic acid in Milli-Q water and transferred into autosampler vials.
HPLC-ESI-MS-MS analysis
HPLC-ESI-MS-MS analysis was performed on a Surveyor HPLC system and a TSQ Quantum triple quadrupole MS with ESI source (Thermo Fisher Scientific, Inc., Waltham, MA, USA). The LC column was an YMC ODS-AQ 5 mm 2.0 Â 100 mm (Waters Corporation, Milford, MA, USA). An isocratic program with 88% of 0.1% formic acid in Milli-Q water, and 12% of acetonitrile was used. Run time was 5 min with a flow rate of 0.2 mL/min. Autosampler temperature was set at 108C, and column temperature was set at 228C. Injection volume was 10 mL. The instrument was operated under a selective reaction monitoring mode. The capillary temperature was 2808C, and ESI spray voltage was set at 3.9 kV. High-purity N 2 was used for both sheath and auxiliary gas. High-purity Ar was used for collision gas. 3 . Noroxycodone and oxymorphone have the same transition; their identifications were achieved by HPLC column separation. The concentration of oxycodone and its metabolites was determined by the peak area ratio of the analyte and its internal standard, with comparison to the calibration curve that was generated from the analysis of plasma or urine fortified with known concentrations of the analyte and its internal standard. All curves were quadratic with 1/X weighting.
Quality control QC samples and calibrator stocks were prepared by different staff members. All calibrators were run in duplicate, one set at the beginning and one at the end of the run. For plasma and HLMs, they were 0.2, 0.5, 2, 5, 20, 50, 100 and 250 ng/mL. For urine, they were 10, 25, 100, 250, 500, 1250, 2500 and 5000 ng/ mL. Calibrators were deleted from the curve if they deviated more than +15% (+20% at the LLOQ) from the target. A valid run would have no .25% of calibrators deleted. QCs were run at a minimum of n ¼ 2 for each QC concentration (low, medium and high). QC concentrations were selected based on the following criteria: low QC is no more than three times the LLOQ concentration, and the high QC is 70 -80% of the upper limit of quantitation (ULOQ). For the medium QC, this study used the median of the curve. QCs were run at the beginning and the end of each sample batch. QCs were acceptable if they were within +15% of target. For a run to pass, at least two-thirds of all QCs and at least one replicate at each QC concentration needed to pass. 
Method validation
Method validation experiments were conducted to meet the guidelines for bioanalytical method validations specified by the US FDA (32) . A full validation was performed in human plasma; only partial validation is required for alternative matrices. Partial validation experiments performed for urine included specificity, intra-and interrun precisions and accuracies, and room temperature matrix stability. For HLMs, only specificity and intrarun precision and accuracy experiments were performed.
Specificity was evaluated for all three matrices by using six different sources from each matrix. For each source, three replicates were spiked with internal standard only; one replicate was spiked with internal standard and analyte at the LLOQ (LLOQ sample). The primary evaluation was to compare the mean peak area ratio of any signal (often obtained by forced integration) at the retention time of analyte to its internal standard for each source with the mean peak area ratio of the six LLOQ samples. The mean peak area ratio of the three 'internal standard only' samples should not exceed 20% of the mean peak area ratio of the six LLOQ samples. The results of this experiment were used in part to determine the LLOQ. For each source, an additional replicate was also prepared with no fortifications. These were used to evaluate the potential contribution from the internal standard.
Recovery was determined at the three QC concentrations (n ¼ 5 each). Analytes were fortified in one set of blank plasma and one set without matrix. The plasma set was extracted and then dried down along with the set without matrix. Both sets were then reconstituted and analyzed. Percent recovery was determined at each concentration by dividing the average peak area of extracted samples by the average peak area of unextracted samples and multiplying by 100.
Intrarun precision and accuracy were performed for all three matrices using the LLOQ and the three QC concentrations. LLOQ samples were prepared in the same six sources used for the specificity study. QCs were run at n ¼ 5 for each concentration. Acceptance criteria for accuracy are mean results within 15% of the target value (20% for the LLOQ) and precision expressed as coefficient of variation (%CV) within 15% (20% for the LLOQ).
Interrun precision and accuracy were determined in plasma and urine using two additional runs of QCs at n ¼ 5 for a total of 15 measurements for each QC concentration. Acceptance criteria for accuracy are mean results within 15% of the target value and precision for %CVs within 15%. %CV was calculated using analysis of variance (ANOVA) as previously described (33, 34) .
Stability experiments were performed at low and high QC concentrations with n ! 3. Room temperature stability evaluated QCs that were stored at room temperature for 24 h prior to extraction. Freeze-thaw stability evaluates QCs removed from the freezer to thaw unassisted, and then returned to the freezer for at least 12 h. This process was repeated twice, for a total of three cycles prior to analysis. Long-term stability was determined using QCs that had been stored at 2208C for the time specified. For processed sample stability, analyzed QCs were stored either on the autosampler or at 2208C until they were reanalyzed with freshly extracted calibrators and QCs. An acceptance criterion is mean results within 15% of target. To determine stock solution stability, stock solutions prepared at the beginning of the method validation were compared with that prepared at the conclusion of the validation experiments. Room temperature stock stability was also evaluated by comparing freshly made stock solution on the day of analysis with aliquots held at room temperature for a period of time. Stock stability was acceptable if the mean peak area counts of old stock were within 15% of freshly made stock.
In vivo specimens Urine samples were collected during a study more fully described by Lofwall et al. (35) . Subjects (n ¼ 5) were adult volunteers who had experienced snorting opioids for recreational use, but were not physically dependent on opioids. Crushed OxyContinw was given by the intranasal route at 30 mg/70 kg. Blood was drawn into heparinized tubes at different time points over a 24-h dosing interval; plasma was collected and stored frozen until analysis. (Note: plasma data are not presented in this paper, but the area under the plasma concentration curve (AUC) is needed to calculate renal clearance.) Urine was collected during the entire 24 h, the volume measured and aliquots taken for frozen storage prior to analysis. All subjects provided informed consent and were compensated for participation in the studies. All protocols had received prior approval by the local institutional review board.
In vitro incubations
Incubations of oxycodone with HLMs and cDNA-expressed CYPs were performed using our previously described incubation conditions (36, 37) . HLMs were prepared using the methods described by Nelson et al. (38) with the first centrifugation at 9,000 g, the homogenization buffer containing 0.25 M sucrose and 10 strokes of homogenization. The protein content was determined by the method of Lowry et al. (39) . Three HLMs were used. Incubation was carried out using 0.5 mg/mL microsomal protein and 100 ng/mL oxycodone in an incubation buffer (0.1 M phosphate buffer, pH 7.4 with 1.0 mM ethylenediaminetetra-acetic acid and 5.0 mM MgCl 2 ) with an NADPH-generating system (NADPH-GS) of 10 mM glucose-6-phosphate, 1.2 mM NADP and 1.2 units of glucose-6-phosphate dehydrogenase. The total volume was 0.5 mL. The reaction was initiated by adding the NADPH-GS and incubated at 378C for 30, 60, 90 and 120 min in water bath shaker, then terminated by addition of 200 mL of ice-cold methanol. Oxycodone was incubated with microsomes prepared from insect cells transfected with cDNAs encoding for human CYPs 1A2, 2A6, 2B6, 2C8, 2C9*1, 2C18, 2C19, 2D6*1, 2E1, 3A4, 3A5 and 3A7 (BD Biosciences, Franklin Lakes, NJ, USA). Supersomes that coexpressed cytochrome b 5 were used where available (not for 1A2, 2C18 and 3A5). Oxycodone (30 and 100 ng/mL) was incubated with 25 pmol of CYP at 378C for 30 min in the incubation buffer (described above) with a final incubation volume of 200 mL. Further experiments were conducted with 2C18, 2D6 and 3A4 at an oxycodone concentration of 30 ng/mL with 5 and 10 min incubations. The reaction was initiated by adding a NADPH-GS and terminated by addition of 100 mL of ice-cold methanol. Results and discussion
Spectra and chromatography
The mass spectra of oxycodone, noroxycodone and oxymorphone are shown in Figure 1 . The most abundant fragment that corresponds to a loss of water from all analytes was chosen as the quantitative fragment. This is a typical fragmentation as noted earlier (12, 40) for opioid structures that have a hydroxyl group at position 14. Other applications (26, 27 ) that monitor different transitions have comparable sensitivity to that reported herein. Selected ion chromatograms of blank plasma fortified with internal standards demonstrate that no significant peaks exist at the retention time for oxycodone and its metabolites (Figure 2A) . Typical peak shapes and signal-to-noise ratios for extracts of plasma fortified with 0.2 ng/mL (LLOQ) oxycodone, noroxycodone and oxymorphone and their internal standard are shown in Figure 2B . All chromatograms show a Gaussian peak shape with sufficient signal-to-noise and good separation.
Wagner et al. (28) reported a LC-MS-MS column-switching method, which measures oxycodone and its metabolites in low pg/mL level using the following process: protein precipitation then neutralization, analyte trapping and sample clean-up using the Prospekt II system, followed lastly by HPLC -MS-MS analysis using the gradient mobile phase. The method also requires timeconsuming adjusting sample conditions using acid, base and different solvents. Our method presented a simple, low-cost alternative (no additional costly equipment required), with a short and easy liquid/liquid extraction and a 5-min isocratic run time that makes it very efficient and suitable for high-throughput analysis.
Specificity
Specificities for oxycodone and its metabolites were determined in plasma, urine and HLM (Table I) . Mean ratios relative to the mean LLOQ ranged from 1.04 to 4.51% with a mean of 1.92% for oxycodone, from 1.98 to 8.18% with a mean of 4.28% for oxymorphone and from 8.63 to 16.6% with a mean of 11.4% for noroxycodone in human plasma. In urine (both nonhydrolyzed and hydrolyzed), it ranged from 0.25 to 7.21% with a mean of 2.41% for oxycodone, from 1.73 to 12% with a mean of 4.75% for oxymorphone and from 0.93 to 6.80% with a mean of 2.43% for noroxycodone. In HLMs, it ranged from 3.18 to 5.53% with a mean of 3.81% for oxycodone, from 5.30 to 8.17% with a mean of 7.20% for oxymorphone and from 10.9 to 17.3% with a mean of 13.9% for noroxycodone. These experiments establish sufficient specificity for the use of an LLOQ at 0.2 ng/mL for oxycodone and its metabolites in plasma and HLM; and at 10 ng/mL in urine. In samples with no additions, peak heights at the retention time of the d 0 -analytes were not visible and similar to those with only internal standards added, excluding the contribution to the d 0 -analyte peak from the internal standard.
Specificity has only been reported for two other methods, both in plasma. One performed validation at the low QC instead of LLOQ concentration (28) , and the other (27) reported no validation data. We determined specificity in all three matrices, which helped us substantiate the LLOQ.
These specificity experiments only show the selectivity of the method versus endogenous components in the matrices tested. Values are from the mean of three replicates of the matrix source, which were fortified with internal standard and had peak areas determined for any signal within the retention time of respective d 0 -analyte peak width. Values were compared with the mean peak area ratio of 6 samples, one from each source, fortified with analyte at the LLOQ and internal standard. Source number is just a designation that varies from one matrix to another.
They do not show selectivity from other drugs. These techniques, however, have been primarily used for the quantitation of clinical samples from pharmacokinetic or efficacy studies, where other drug use is purposefully limited. With HPLC separation and a mass transition monitoring, it is sufficient to select the right compound. Should this method be used for the determination of an unknown drug (i.e., forensic analyses), then additional transitions should always be monitored to ensure the correct ion identification. A related limitation of this assay is that it is designed for the precise and accurate determination of oxycodone and metabolites for research on metabolism and pharmacokinetics and is not designed or intended for use in forensics where polysubstance use is likely. A qualitative ion suppression experiment was performed using continuous postcolumn infusion (10 mL/min) of a standard solution containing analytes of interest (250 ng/mL) using a syringe pump. After injecting the drug-free extracted blank samples from human plasma, urine and HLM in the LC system, a drop in the constant baseline at the retention time of the analytes would indicate ion suppression (41) . No matrix-associated suppression was observed in the three matrices tested (data not shown).
Recovery
Recovery was evaluated at three QC concentrations. Mean recoveries of oxycodone, noroxycodone and oxymorphone were 75.6, 37.4 and 18.2%. No special effort was made to optimize recovery. The main focus of the assay is a simple, quick extraction procedure and use of common solvents. Other researchers reported improved recovery with either protein precipitation (26) or solid-phase extraction (27) . Apparently, a higher recovery did not necessarily lead to a more sensitive method; we still achieved an LLOQ comparable with those other methods.
Precision and accuracy
Intrarun and interrun precision and accuracy experiments are summarized in Table II . The intrarun accuracies of the LLOQ in all matrices were within 12.5% of the target with intrarun precisions within 12.4%. The intrarun accuracies of other QCs were within 10.8% of the target with intrarun precision within 12.8%. Interrun accuracies of the QCs were within 5.0% of target with interrun precisions within 7.4%.
Stability
We designed a series of studies to determine the stability of oxycodone and its metabolites in both human plasma and urine. The experiments emphasized the storage conditions for everyday analysis. Results (Table III) show that oxycodone and its metabolites are stable in human plasma for up to 24 h at room temperature, for 460 days at 2208C and after three freeze-thaw cycles. Similar experiments show that they are also stable in urine for up to 24 h at room temperature (Table III) . Processed samples were stored at either 2208C for 7 days or for 4 days on the autosampler. Under both storage conditions, mean QC results were within 12.7% of the target concentration (Table III) . Results also indicate that oxycodone and its metabolites are stable in methanol for up to 251 days at 2208C and 18 h at room temperature (Table III) .
Neuvonen and Neuvonen (27) reported stability in human plasma. No significant degradation was observed during three freeze -thaw cycles, 5-h room temperature storage or 2-month 2208C storage. Our study extended findings for both short-and long-term stabilities Values are from the mean of 15 replicates, run as an n of 5 on 3 separate days. %CVs calculated from the use of one-way ANOVA. Figure 3 shows hydrolysis time versus mean oxycodone, noroxycodone and oxymorphone concentrations. Oxycodone and noroxycodone concentrations did not change appreciably during hydrolysis. This strongly suggests that they are not extensively conjugated. Oxymorphone concentrations increased substantially, over 10-fold, during hydrolysis. This experiment showed that hydrolysis at 508C for 16 h was optimal.
For these experiments, we used b-glucuronidase from H. pomatia, which contains both b-glucuronidase and arylsulfatase activity. This should allow for more thorough deconjugation, but does not permit one to specify that any conjugation is solely b-glucuronidation. Wey and Thurman (12) compared b-glucuronidase from H. pomatia and Escherichia coli at 24 versus 4 h incubation at 378C and found more thorough deconjugation at 24 h for both enzymes, but the H. pomatia enzyme was much more effective at deconjugating oxymorphone, while no significant difference was noted for the deconjugation of oxycodone or noroxycodone. We have further optimized the time for hydrolysis. A limitation of our experiments is that we did not include controls with glucuronidated oxycodone, noroxycodone or oxymorphone; based on the results from Wey and Thormann, we used procedures that were comparable with those that describe the conjugation of oxycodone and noroxycodone (10 -12) .
These data were then used to calculate the percent of a daily dose of oxycodone that is excreted in urine over a 24-h period. About 6.5 and 7.8% of the daily dose was excreted as nonconjugated (free) oxycodone and noroxycodone; nonconjugated oxymorphone constituted only 1.3% of the dose, but total (conjugated and nonconjugated) oxymorphone made up 17.1% of the dose. The total of the three constitutes 31.4% of the daily dose. Using the plasma AUC of nonconjugated analytes for this subset of subjects from the previously published clinical study (35) , renal clearance for nonconjugated analytes was 6.18 + 1.97, 90.9 + 42.7 and 14.2 + 1.9 L/h.
In this study, we found that conjugated forms of oxycodone and noroxycodone comprised 8 and 3%, at most, of the respective compounds in urine. This is in sharp contrast to studies in laboratory animals and humans, where roughly one-third and one-fourth of oxycodone and noroxycodone in urine were conjugated (10, 11) . The main difference among these studies was in the route of administration. Oxycodone was administered to the laboratory animals subcutaneously and to humans either orally or intramuscularly (10, 11); our samples were collected after intranasal administration. There is no immediate explanation for why intranasal administration would lead to reduced conjugation. We have, however, performed clinical studies where buprenorphine was given by the subcutaneous route (42) and the intranasal route (43) . Here, buprenorphine, norbuprenorphine and their respective glucuronides were measured in plasma. If we compare the ratio of the C max (an average of conditions) of the glucuronide with that of buprenorphine after sublingual and intranasal administration, we find that, for buprenorphine-3-glucuronide, it went from 0.17 to 0.081 and for norbuprenorphine-3-glucuronide, it went from 0.49 to 0.098. These are 2.1-and 5.0-fold reductions, respectively. Thus, it appears that that reduced conjugation may result from intranasal opioid administration.
In vitro incubation of oxycodone with HLM and recombinant human P450s Figure 4 shows the in vitro metabolism of oxycodone in HLM. Mean activities from three HLMs show that noroxycodone formation far exceeds that of oxymorphone concentration, as also observed by previous studies (14, 23) . Their combined formation approximates the amount of oxycodone consumed ( Figure 4A ). The formation of noroxycodone ( Figure 4B ) and oxymorphone ( Figure 4C ) with incubation time in the three different HLMs shows that relative rates of N-and O-demethylation vary considerably. Noroxycodone formation was CO17 . CO18 . CO16, while oxymorphone formation was CO16 . CO17 . CO18. This variation may be caused by the difference in the amounts of specific CYP enzymes in each liver. Figure 5A shows the measured noroxycodone and oxymorphone formation and oxycodone utilization after incubation of oxycodone with cDNA-expressed CYPs. It can be seen that 2C18 and 3A4 are the major enzymes involved in the oxycodone N-demethylation. We did not find any involvement of 3A5 as reported by other researchers (23) . CYP2D6 displayed highest activity for O-demethylation. CYP2C19 had barely detectable activity for both metabolites; CYPs 2B6 and 3A7 had barely detectable activity for noroxycodone formation ( Figure 5A ). Substrate use and product formation over time ( Figure 5B) show that noroxycodone formation by CYP2C18 and oxymorphone formation by CYP2D6 are equivalent to substrate use. With CYP3A4, however, there is apparent greater oxycodone use than noroxycodone production. This suggests that CYP3A4 may be capable of catalyzing a reaction we did not monitor (e.g., carboxyl reduction).
Conclusion
We have developed a quick, simple and sensitive method using liquid-liquid extraction and HPLC-ESI-MS-MS to determine the concentration of oxycodone and its metabolites in various human matrices. One milliliter or less of the sample is used with acceptable precision and accuracy down to an LLOQ of 0.2 ng/mL. This is a very efficient method that can be used to follow the concentration of oxycodone and its metabolites in HLMs and supersomes after in vitro incubation. The stability of oxycodone and metabolites has been established under a number of conditions. We have optimized the conditions for the enzymatic hydrolysis time of urine; these results show that oxymorphone, but not oxycodone or noroxycodone, is highly conjugated. Approximately 31% of the daily dose is excreted in the urine with over half of that as oxymorphone glucuronide. The in vitro incubation experiments demonstrated that both N-demethylation and O-demethylation occur in HLMs, and the N-demethylation appeared to a greater degree than the O-demethylation, which may indicate that N-demethylation is the major oxidative pathway. CYP2C18 and CYP3A4 were identified to be the principal N-demethylases, and CYP2D6 made major contributions to O-demethylation. Thus, their relative expression and activity are expected to be major determinants of oxycodone clearance in vivo.
